Abstract. Anti-apoptotic factors including IAP-survivin and bcl-2 are involved in carcinogenesis and predict for disease outcome for patients with cancer. We used RT-PCR and specific primers to generate two recombinant IAP-survivin proteins; one encoding for the full-length protein and the second comprising the survivin sequence incorporating amino acids 98 to 142. Both proteins were used to immunize mice and as capture antigens to screen NS1/immune splenocyte hybridoma supernatants for anti-survivin antibody in ELISA assays. The antibody designated F2-9C3 was most effective and reacted with both recombinant proteins and with the native protein present in lysates of A549 (lung carcinoma) and Jurkat cells in Western blots, immunoprecipitation and formalin-fixed tissue sections. Immunohistochemical staining of normal and neoplastic tissues showed association of the F2-9C3 antibody with the mitotic spindles. Expression of survivin was not detected elsewhere in sections of normal tissue while all neoplastic tissues examined, including those from patients with diffuse large B-cell lymphoma (DLBCL), showed significant expression of survivin. The intensity and localization of staining in these tumours varied and was observed in cytoplasm and/or nuclei. High nuclear expression of survivin predicted the disease outcome in patients with DLBCL. This association was evident when relating intensity to patient survival (p=0.0321) and strengthened when a score was calculated based on both staining intensity and the proportion of the reactive tumour cells (p=0.0128; reduction in the mean survival times: 35% and 46%, respectively). Elevated expression of bcl-2 protein also identified the highrisk patients (p=0.0095; reduction in mean survival time: 37%). Over-expression of both factors was a more powerful indicator of poor prognosis than either marker alone (p=0.0054, 70% reduction in mean survival time). In conclusion, our novel F2-9C3 monoclonal antibody is effective in determination of expression of IAP-survivin in neoplastic tissue. Nuclear overexpression of IAP-survivin using this antibody predicts the disease outcome in patients with DLBCL and significantly improves the predictive power of bcl-2 in these patients.
Introduction
Apoptosis refers to the mechanism of programmed cellular demise, a process that can be activated in response to a number of physiologically relevant and diverse stimuli (1) . Accumulating evidence suggests that the de-regulation of apoptosis and disturbances of the cell cycle are involved in carcinogenesis. Inhibitors of apoptosis contribute to cancer by aberrantly prolonging cell survival, facilitating the accumulation of transforming mutations and promoting resistance to immunosurveillance (2) .
Regulators of apoptosis identified to date include members of the bcl-2 family of proteins known to encompass both proand anti-apoptotic molecules (3) . The bcl-2 gene has been implicated in the development of cancer and it promotes cellular survival rather than proliferation by inhibiting apoptosis. The bcl-2 gene was first discovered by virtue of its involvement in the t(14;18) chromosomal translocation commonly found in follicular lymphoma (4) . De-regulation of the gene induces overexpression of bcl-2 mRNA and the encoded protein, a phenomenon which has been observed in many solid cancers (reviewed in ref. 5 ). Overexpression of bcl-2 protein also occurs in some haematological malignancies (5) and has been associated with poor disease outcome in patients with Hodgkin's lymphoma (6) , acute myeloid leukemia (5) and high-grade non-Hodgkin's lymphoma (NHL) (7) (8) (9) .
Another molecule able to influence the apoptotic balance in cancer has been identified as survivin (10) . Survivin is the smallest member of the inhibitors of apoptosis protein (IAP) family (11) . It is active when dimerized and has bi-functional activity as it is involved in both cell cycle regulation and (12) . Survivin is expressed during mitosis in a cell cycle-dependent manner and it localizes to the spindle micro-tubules in a reaction that requires the inhibition of apoptosis (13) . Survivin also inhibits apoptosis directly by binding to and inhibiting the activation of caspases (14) or indirectly by suppressing the activation of specific pro-apoptotic factors involved in the activation of downstream apoptotic pathways (12) . Recent research has shown that the survivin gene encodes multiple alternately spliced mRNAs, which appear to be translated into proteins that exhibit differential sub-cellular localization (15) and apoptotic potential (16) . These include the native, full-length anti-apoptotic IAP-survivin, the proapoptotic IAP-survivin 2B, the IAP-survivin DEx3 (16) and the more recently identified variant survivin 3B (17) .
One of the most significant features of survivin is its differential expression in neoplastic versus normal tissue (18, 19) . Although expressed during foetal development (10) , it is either present in low levels or completely absent in terminally differentiated mammalian cells (10, 11) . In contrast, it has been found to be overexpressed in a wide variety of tumours (10, 19) . Elevated levels of IAP survivin in tumour tissue inhibit apop-tosis and thus enhance tumour growth and progression (12) as well as rendering such cells resistant to pro-apoptotic therapies (reviewed in ref. 20) . Consequently, overexpression of survivin in tumours has proven useful in clinical diagnosis and in the detection of early relapse in a number of cancers (20) . Furthermore, high levels of survivin have been associated with poor prognosis for patients with solid cancers and some haematological malignancies including acute leukaemias and lymphomas (reviewed in ref. 19 ). Moreover, a recent study has reported that elevated levels of survivin predict for poor disease outcome in patients with diffuse large B-cell lymphoma (DLBCL) (21) .
Diffuse large B-cell lymphoma is an aggressive B-cell NHL that accounts for approximately 30% of all lymphomas in Western countries. With currently used chemotherapy, including CHOP-rituximab, the outcome for patients has greatly improved overall and 40% of patients enter long-term remission (22) . Unfortunately a complete cure cannot be guaranteed with current treatment regimens and approximately 60% of patients will relapse after a period of remission and die of the disease. There is a clear need to accurately identify the patients who will not experience sustained remission on initial therapy so that an additional or more aggressive alternative therapy might be introduced.
Currently, there is a useful clinical scoring system, the International Prognostic Index (IPI), which although subjective has been developed to identify at diagnosis the patients who may be at high risk of relapse (23) . Although the IPI is useful in assessing overall prognosis, it is not sufficiently objective, nor powerful to reliably distinguish the patients who will gain long-term remission with conventional treatment from those who will die from their disease, especially the intermediate risk group.
It is likely that the development of prognostic models which incorporate both clinical and laboratory-based data, such as the expression of biological markers, will allow a more accurate stratification of patients into risk groups. Molecular studies using DNA microarray technology (24, 25) and immunohistochemical expression of a number of biological parameters (8, 9, 26) have stratified patients with DLBCL into different prognostic groups depending on the origin of the malignant cell. However, consensus on the prognostic power of such factors has not yet been reached.
In the present study, we used a novel monoclonal antibody (Mab) to IAP-survivin designated F2-9C3 to examine its expression in tumour tissue from patients with DLBCL and to re-assess its value in assessing prognosis in this group of patients. The study also examines the supplementary prognostic value of determination of bcl-2 protein in the same cohort of patients.
Materials and methods
Patients. The expression of IAP-survivin and bcl-2 was evaluated retrospectively in a cohort of 155 patients drawn from 436 patients originally enrolled in clinical trials carried out by the Scottish and Newcastle Lymphoma Group and diagnosed with DLBCL between 1984 and 1991. Patient selection was based on the availability of biological material and clinical information. All patients received homogeneous CHOP or CHOP-like therapies (27) . Of this population, 53% were male and 47% were female with a mean age at diagnosis of 53.46 years (SD, 13.8 years; range, 16-79 years). Of this cohort, 135 patients presented with primary nodal disease and 20 had tumours of primary extranodal origin. The mean survival time from diagnosis, irrespective of the treatment, was 63.01 months. At the end of the trial, 35.5% were still alive, 63.2% had died and 2% were censored as they had died from causes other than DLBCL.
Production of recombinant IAP-survivin proteins. Two recombinant proteins were produced to be used as immunogens and capture antigens to screen hybridoma supernatants in ELISA assays for monoclonal antibody (Mab) production.
Initially, a total RNA extract was prepared from HeLa cells (ATCC: CCL2) using RNAzol B and following standard manufacturer's procedures. RT-PCR was applied to generate a cDNA product incorporating the coding sequence of IAP-survivin. Initially a library was created utilising Superscript II (RNAse H -) (Invitrogen, UK) to perform a reverse transcription reaction primed with random hexamers (pdN6) targeting 5 μg of total cellular RNA. The coding sequence of the primary survivin transcript was then amplified by PCR utilising Taq polymerase (Amplitaq Gold, Perkin Elmer UK Ltd) and the following primers; Consensus IAP Sn 5'-GGGATCCCATGGGTGCCCCGACGTTG-3' (a), and Concensus IAP Asn 5'-GGGATCCCTCAATCCAT GGCAGCCAGCTG (b). All survivin RT-PCR reactions were paralleled by amplification of a 350-bp product corresponding to a fragment of the GAPDH housekeeping gene utilising the following primers; GAPDH Sn 5'-AGAACATCATCCCTGCCTCC-3' (a), and GAPDH Asn 5'-GCCAAATTCGTTGTCATACC-3' (b).
Survivin cDNA was gel purified (Qiagen, UK) and 'AT cloned' into the Eco321 site within the multiple cloning site of the pUC57T plasmid (MBI, Fermentas/Helena BioSciences, UK). Ligation was performed by T4 DNA ligase in the presence of bovine serum albumin and PEG1500. The resultant product was transformed into E. coli (Novablue). Transformants were grown on selective media: TAXI-agar plates containing tetracycline (7 μM), ampicilin (150 μM), X-gal (50 mM) and isopropyl thiogalactoside (IPTG) (400 μM). The constructs containing an appropriately-sized product were identified by colony PCR. Chosen plasmids were then purified and the inserts were sequenced using M13 forward and reverse primers (MBI) in fluorescent dideoxygenic sequencing. Once the identity of the full-length sequence of the cloned insert was established it was excised from pUC 57 via BamH1 digestion, gel-purified and re-ligated into BamH1-cleaved and calf intestinal phosphatase (CIP)-treated pET-15b vector (Novagen Laboratories, UK). Expansion of the ligated constructs was again performed in T7 polymerase E. coli (Novablue), the successful transformants were selected and expanded in both cultures as explained above. Plasmids were recovered using conventional mini-prep protocols (Qiagen, UK) and the presence, identity and orientation of the respective inserts was confirmed by restriction mapping.
Subsequently, transformation of the construct into T7 polymerase + E. coli BL21 (DE3) pLysS allowed IPTG induction and expression of a poly-histidine (his)-tagged survivin molecule. The expressed protein was initially insoluble but was taken into solution in 8 M urea/2 mercaptoethanol (2ME). The protein was re-folded to a soluble form by stepwise dialysis against decreasing concentrations of urea/2ME in TBE buffer. Finally the poly-his-tagged protein was purified by nickel (Ni 2+ ) chelation chromatography using his-bind resin in accordance with manufacturer's protocols (Novagen, UK). The protein was eluted from the Ni 2+ column in 20 mM Tris-HCl, 0.5 M NaCl and 1 M imidazole, pH 7.9. Finally, imidazole was removed from the recombinant protein by dialysis against imidazole-free elution buffer (500 mM NaCl, 20 mM Tris-HCl, pH 7.9)
A second recombinant protein was made which would encode a unique 45 amino-acid carboxy terminal fragment of the survivin molecule encompassing amino-acids 98 to 142. Unstable as a poly-his-tagged polypeptide, this fragment was expressed as a glutathione-S-transferase (GST)-fusion protein.
The DNA sequence corresponding to this fragment was amplified using the original pUC57-survivin construct as a template, substituting a second sense primer: 5'-GGGATCCC TTGGTGAATTTTTG-3' in combination with the original antisense primer (b) (see above). Once again this allowed cloning of the purified product into pUC57T, the sequence again being confirmed and the insert being excised by restriction digestion and in this instance inserted into the precleaved BamH1 site of pGEX-2T (Pharmacia Biotech, UK). The construct was transformed into E.coli BL21 and chimeric fusion protein expression was induced with IPTG under the control of the tac promoter. Following harvesting, protein was recovered from cell lysates by glutathione-sepharose affinity column chromatography and eluted in 10 mM glutathione. This product was again dialysed against Tris-HCl to produce a purer protein suitable for use as an immunogen.
Hybridoma generation. Hybridomas were generated following conventional technologies (28) using poly-his-tagged fulllength immunogen-or the GST-tagged fragment-primed Balb/c mouse splenocytes in conjunction with the P3-NS-1/1-Ag-1 (NS-1) mouse myeloma fusion partner (28) . Hybridoma colonies picked from cultures fulfilling the requirements of the defined screening procedures were expanded and subjected to additional three successive rounds of limiting dilution cloning ensuring the monoclonality of the final cultures.
Screening and characterisation of monoclonal antibodies reactive with IAP-survivin. The presence of Mab in hybridoma culture supernatants was examined after successive rounds of limiting dilution by ELISA applying an indirect screening method as described previously (28) and using full-length his-tagged recombinant survivin protein and then the GSTtagged survivin fragment as primary and secondary capture antigens. The immobilised anti-survivin antibody was detected via an alkaline phosphatase conjugated secondary antibody detection system using para-nitrophenolphosphate (pNPP) as the chromogenic substrate. The extent of substrate cleavage was determined spectrophotometrically using a Dynex MRX multi-spectrophotometer set to monitor absorbance at 405 nm. Antibody titer was determined as the highest dilution of antigen at which a positive reaction was observed having an optical density (OD) ≥3-fold than the corresponding OD of negative controls lacking the primary antibody.
The specificity of IAP-survivin antibodies was assessed by a combination of discontinuous SDS-PAGE, Western blotting and immunoprecipitation as described previously (28) . In Western blots, the survivin antibodies were detected using primary rabbit anti-mouse (Dako, UK) and secondary swine anti-rabbit alkaline phosphatase-conjugated antibodies. Silver staining was employed to visualise immunoprecipitated products (Sigma, UK).
Hybridoma supernatants containing antibody that showed strong reactivity with the full-length and GST capture antigens, as defined by ELISA, were further tested by immunohistochemistry on sections of various normal human tissues including lymph node and a series of human tumours including lymph node biopsies from patients with DLBCL.
Immunohistochemistry (IHC) and scoring. Sections were dewaxed, hydrated prior to blocking of endogenous peroxidase and then stained with the monoclonal anti-bcl-2 (Novocastra) or with the anti-IAP-survivin antibody. Optimal concentrations of each reagent were defined in preliminary experiments which also selected individual optimum antigen-retrieval methods comprising high temperature and pressure (pressure cooking for 1 min) in citrate buffer (pH 6.0). With respect to survivin, a number of hybrids were selected and screened by IHC and a final clone (designated F2-9C3) was selected based upon its specificity and IHC-reactivity profile. Detection of primary antibody binding was facilitated by the use of the streptavidinbiotin (Dako) detection system while 3,3'-diaminobenzidine (Sigma) served as the chromogen. Finally, the sections were counterstained (Harris' haematoxylin), 'blued', dehydrated and mounted in DPX. Sections without the primary antibody were used as negative controls and normal tonsil as a positive control for both bcl-2 and IAP-survivin, with the latter showing strong specific staining in mitotic figures. Small cell lung carcinoma was also used as a positive control for IAP-survivin.
Tissue sections were scored for both the intensity and the percentage of cells staining. In addition, the localization of staining was recorded (cytoplasmic/nuclear). No staining was graded as negative, while positive staining was graded on a three point scale (1-3) with positivity of 1 + being set as staining in 20% of cells (based on a count of 250 cells in multiple fields). For bcl-2, the cut-off point of ≥1 was set as positive. IAP-survivin staining was based on a system analogous to that of the Detre scoring system (29) in which an arithmetic product is calculated as the percentage of cells staining multiplied by the average staining intensity. This gave a range of values between 1 and 300 with a median value of 150. Two groups were identified and defined as low (<150) and high (>150) IAP-survivin-expressing tumours.
Histopathological review. All cases were reviewed by a histopathologist (KW) using haematoxylin and eosin-stained sections and appropriate immunohistochemistry. Only cases fulfilling the WHO criteria for DLBCL (30) were enrolled on the study.
Statistical analysis. All analyses were performed using SPSS 11 version 11.0.4 for MacIntosh (SPSS, Inc., Chicago, IL). Survival analyses were applied in the form of both KaplanMeir analyses and univariate Cox regression. The log-rank test was used to analyse the statistical difference between the groups and a value of p<0.05 was considered to be statistically significant.
Results
Antibody production. Poly-his-tagged, full-length IAP-survivin and GST-IAP-survivin 98-142 recombinant proteins were produced from total cellular RNA preparations as described in the Materials and methods. Each served as an effective immunogen when emulsified in Freund's incomplete adjuvant and used to prime Balb/c mice eliciting significant serum antibody responses. Serum titres of immunogen-specific antibody ≥1/100,000 were a prerequisite for fusion. Fusions were performed with primed splenocytes from animals inoculated with each different immunogen. Screening of hybridoma culture supernatants by ELISA using full-length IAP-survivin, GST-IAP-survivin 98-142 or GST-capture antigens indicated that immunization with GST-IAP-survivin 98-142 produced good serum antibody responses but the animals yielded a few appropriate hybridomas secreting antibody which was reactive with both the C-terminal fragment and the full-length protein. By contrast, splenocytes primed with the poly-his-tagged full-length protein yielded >10-fold more hybrids which were reactive with both the homologous fulllength protein and the survivin 98-142 fragment. Hybridoma lines secreting antibody reactive with both products were further analysed by IHC and antibody staining of paraffin-embedded tissue sections was carefully reviewed. Hybridomas producing antibody showing strong nuclear reactivity and specific staining of the mitotic spindles were expanded and their specificity was analysed by Western blotting and immunoprecipitation. This allowed confirmation of the specific reactivity of the antibodies with both recombinant proteins and native IAP isoforms present in cell lysates. From all the hybridomas examined, a number were subjected to limiting dilution, with re-screening by ELISA and IHC being performed at each round of cloning. Finally the hybridoma clone F2-9C3 was selected, expanded and the IgG2a antibody produced was harvested and used throughout further studies.
Characterization of IAP-survivin by Western blotting and immunoprecipitation.
Western blotting and immunoprecipitation experiments confirmed that the survivin antibody designated F2-9C3 reacted with the full-length recombinant poly-his-tagged IAP-survivin protein, of molecular weight of 21 kDa, a GST-linked fragment incorporating survivin amino acids 98 to 142 (30 kDa), the native full-length IAP-survivin (16.4 kDa) as well as with the 18.64-kDa IAP-survivin isoform 2B present in cell lysates of A549 cells (small cell lung carcinoma) and Jurkat T-cell lymphoma cells (Fig. 1) .
Characterization of IAP-survivin by IHC. Analysis by IHC was carried out on a range of normal and neoplastic tissues as described previously and summarized in Tables I and II. We observed a strong staining of the mitotic figures in both normal (tonsil, Figs. 2A and B, Table II) and neoplastic tissue (Fig. 2C-F) . Although the majority of normal adult tissue failed to express survivin (Table I) , cerebral cortex, ovary and testis frequently showed weak expression of survivin (Table I ). All the tumour tissues examined expressed survivin to various degrees (Table II, Fig. 2C-F) . The intensity and localization of staining varied. Over-expression of survivin was marked by an intense, generalized nuclear deposition of the chromogen as seen in neuroblastoma sections (Fig. 2D) as well as the strongly positive (3 + ) DLBCL (Fig. 2F ). Low expression of survivin presented as a slight blush of both nuclear and cytoplasmic staining (Fig. 2E ). Mitoses were clearly accentuated in all tumours and, particularly, in those with enhanced survivin expression (Fig. 2F) .
The anti-apoptotic factors IAP-survivin and bcl-2 are significant prognostic markers in patients with DLBCL. In a series of 139 patients with DLBCL, nuclear overexpression of survivin was shown to be an indicator of poor prognosis. Kaplan-Meir analysis of the expression of IAP-survivin based on staining score (0-3) and on the system analogous to that of the Detre scoring system (proportion and intensity, see Materials and methods) revealed that the segregation of the two prognostic groups was better employing the Detre scoring system rather than using stain intensity alone (p=0.0128 vs p=0.0321) (Fig. 3A and B) . Although there was no difference in the observed mean survival times between the groups of patients with survivin staining score 0/1 and <150 (98 vs 90 months, respectively), there was a difference in the survival of patients with scores of 2/3 and >150 (64 vs 49 months, respectively). In either case, patients with a low level of survivin expression survived nearly twice as long as those who exhibited high expression.
Similarly, overexpression of bcl-2 predicted for poor disease outcome in the cohort of 152 patients examined (Fig. 3C) . Patients whose tumours displayed less than or equal to the median expression (median staining =1; see Materials and methods) displayed a mean survival time of 103 months, while in patients with bcl-2 expression greater than the median level of IHC staining the mean survival time was reduced to 65 months. Again, the difference in survival time between the two groups was significant: p=0.0095; logrank value, 6.73 (Fig. 3C) .
Further analysis of expression data indicated that overexpression of both IAP-survivin and bcl-2 within the same tumour proved to be an even more powerful indicator of poor prognosis (Fig. 3D) . The mean survival time for patients whose tumours expressed both factors was reduced from 120 to only 36 months (70% reduction). The relative risk was 12.68 with a p-value over the strata of 0.0054. High expression of survivin in the absence of bcl-2 expression was associated with a reduction of the mean survival time of the patients by 49.5% while bcl-2 expression in the presence of low levels of survivin reduced the mean survival time by 40%. Table I . Immunostaining for IAP-survivin with the F2-9C3 Mab on a range of normal tissues. - Table II . Immunostaining for IAP-survivin with the F2-9C3 Mab on a range of neoplastic tissues.
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Discussion
In this investigation, we used a novel Mab reactive with the full-length native anti-apoptotic IAP-survivin and the proapoptotic IAP-survivin 2B isoform to show that increased nuclear expression of survivin predicts a poor disease outcome in patients with DLBCL. In addition, this is the first study to report that expression of both bcl-2 and IAP-survivin is a more powerful prognostic indicator in DLBCL than either marker alone. The Mab designated F2-9C3 reacted with the full-length recombinant poly-his-tagged protein, the GST-IAPsurvivin 98-142 as well as with two proteins present in cell lysates of Jurkat T-cell lymphoma cells and the A549 small cell lung carcinoma cell line. The proteins detected in cell lysates were of molecular weights of approximately 16 and 18 kDa, similar to those reported for the full-length native survivin (10) and the survivin 2B isoform (16), respectively. These findings indicate that the F2-9C3 antibody identified the native full-length protein as well as the survivin 2B isoform and, in addition, that these proteins were expressed in A549 and Jurkat cells confirmed previous reports (10) .
The degree of expression varied and both native IAPsurvivin and IAP-survivin 2B were detected in nocodazoletreated A549 cells (G2/M phase arrest; 13) while the proteins were undetectable in untreated cell lysates (data not shown).
By contrast both proteins were detected in untreated Jurkat T-cell lymphoma cells suggesting that survivin is constitutively expressed in these cells, as reported previously (10) . As mentioned previously, nocodazole is a drug that introduces a G2/M phase block during cell division (13) . Survivin expression increases during mitosis and acts both to complex with and to stabilise the formation of the mitotic spindle (31), a process that requires the inhibition of apoptosis which is aided by survivin (13) . The strong staining of the mitotic spindle that we observed reinforces our suggestion that the F2-9C3 Mab identified the native full-length anti-apoptotic protein. Interestingly, an increase in expression of isoform 2B was also evident in nocodazole-treated cells implying that the sole function of this variant may not be as a simple proapoptotic antagonist of the full-length product as has been proposed (16). Immunohistochemical staining of normal tissue sections with the F2-9C3 Mab revealed no detectable expression of survivin with the exception of ovary, cerebral cortex and testis which displayed low levels of expression of survivin, corroborating previous findings (32) . In normal replicating cells, strong expression of survivin was observed and was specifically associated with the mitotic spindles in accordance with published reports (31) . Comparing these findings with staining of neoplastic cells of a variety of tumours examined, also confirms previous reports of the differential distribution of survivin between normal and malignant cells and of survivin being undetectable in non-replicating normal cells (10, 19) .
Survivin is overexpressed in cancer (19) and has been implicated in tumourigenesis (33) . The increased expression of survivin in malignancy may be partly due to the activity of the protein that relates to the G2/M check-point during mitotic cell division. Survivin may act as an effector molecule at the interface between cell cycle progression and control of apoptosis (13) . As mentioned above, during the G2/M phase of mitosis, survivin interacts with the microtubules of the mitotic spindles in a specific and tightly-regulated reaction (34) . Disruption of this interaction induces the activation of effector caspases which, in turn, precipitate apoptosis (13) . It has been proposed that survivin may counteract a default induction of apoptosis at this check-point in order to preserve cell integrity during cell division (13) . De-regulated expression of survivin in individual cells may overcome this check-point and allow progression of aberrant cells through mitosis, a critical step in the oncogenic process.
Sub-cellular localisation and the intensity of the expression of survivin within the various cancer tissues examined in this study varied and staining was observed in the cytoplasm and/ or nuclei as described in previous studies (15, reviewed in ref. 35) . With respect to tumour tissue sections from patients with DLBCL, we observed mainly nuclear expression although, in a small number of cases, there was also a weak cytoplasmic staining implying that, at least in DLBCL, expression of survivin rests mainly with the anti-apoptotic type 1 isoform of the molecule which is localised in the nucleus of replicating cells (13, 34) . By contrast, studies using different antibodies have reported intracytoplasmic expression in patients with DLBCL (21) or other high-grade NHL cases (10) . This may reflect the isoform reactivity of different antibodies used in independent IHC studies.
The significance of the sub-cellular localisation of survivin in cancer cells remains unclear. It has been suggested that nuclear expression may be associated with regulation of cell proliferation pathways while cytoplasmic protein may be involved in apoptosis-related events (35) . Survivin has been detected in the cytoplasm of tumour cells and therefore it is often regarded as a cytoplasmic protein (10) . However, a previous study has reported that survivin is a shuttling protein that is actively exported from the nucleus by a nucleocytoplasmic transport system (36) . It can be hypothesised that the active transport of survivin and its variant isoforms between the nucleus and cytoplasm may be one of the mechanisms that regulate the function of these proteins To date, a great deal of contradictory information from a variety of reports exists regarding the function and the significance of nuclear and cytoplasmic survivin (reviewed in ref. 35 ). The BIC-5 survivin gene encodes several different protein isoforms, some with opposing apoptotic activities (16) and displaying distinct sub-cellular tropisms (15) . Lack of isoform-specific antibodies and the current subjectivity of the methods employed to assess expression may partly explain these conflicting findings. Using the F2-9C3 Mab, we report over-expression of nuclear survivin in patients with DLBCL, suggesting that, at least in DLBCL, our Mab identifies the anti-apoptotic native full-length nuclear protein.
We also showed that elevated levels of nuclear protein predict for poor disease outcome. Patients with high nuclear expression experienced a significantly shorter overall mean survival time when compared with those who had low expression. These findings confirm a previous study which also demonstrated that patients with high expression of survivin (70-90% of cells stained by IHC) displayed a significantly lower 5-year overall survival rate than patients with low expression (<5%) (21) . However, by contrast to the findings of the present study, Adida et al reported cytoplasmic survivin expression to be of prognostic significance (21) . These conflicting findings may be due to the differences in the specificities of the antibodies used. While a Mab was used in the present study, Adida et al used a polyclonal antibody which could have identified a number of different survivin isoforms displaying different localisation.
Further evidence to support the notion that nuclear rather than cytoplasmic survivin may relate to the degree of tumour aggression in high-grade lymphoma is provided by the study of Kuttler et al (37) , who used gene expression profiling to show that, in patients with DLBCL, high expression of survivin was associated with a significant increase in the expression of a number of cell cycle activators and that there was a preferential relationship between survivin and cyclin B gene up-regulation and expression. The same authors also reported that low cyclin B mRNA expressors were a characteristic of the germinal centre phenotype which has been reported to identify the group of patients with a good prognosis (37) . Taken together, these findings imply that, in DLBCL, overexpression of survivin is associated more avidly with tumour aggression, probably as a result of survivin-mediated cell cycle promotion rather than involvement in anti-apoptotic processes that take place mainly in the cytoplasm (38) .
In addition, in Mantle cell lymphoma, a B-cell lymphoma, IHC, Western blotting and real-time PCR revealed nuclear expression of survivin in tumours and also that the expression levels were higher in the blastoid variants and significantly associated with the proliferative capacity of these tumours (39) . These findings also highlight the G2/M transition promotion in this malignancy.
The role of nuclear versus cytoplasmic survivin in highgrade lymphoma requires further investigation as, to date, the function of the various survivin variants with differing apoptotic activities and localisation remains unclear.
With respect to other solid cancers, a large number of studies have also demonstrated that increased levels of nuclear rather than cytoplasmic survivin identify groups of patients with poor prognosis (35) . This again implies that the proliferative activity of the malignant cells rather than their prolonged life span may be responsible for tumour aggression. By contrast, few studies have reported nuclear expression to be a favourable prognostic marker (35) .
Bcl-2 is an anti-apoptotic protein located in the inner mitochondria membrane and it is expressed in a variety of tumours including a proportion of cases of DLBCL (5). Since bcl-2 protein promotes survival and confers a growth advantage on malignant B cells, a number of studies, including the present, have examined the association between bcl-2 expression and disease outcome in patients with DLBCL. We report that elevated levels of bcl-2 protein identify the patients who are at a high risk of disease progression. These findings confirm previous reports (7-9,40, reviewed in ref. 41 ). Interestingly, the present investigation also demonstrated that co-expression of IAP-survivin and bcl-2 had a significantly higher prognostic power than either factor alone. This additive effect highlights the fact that these two factors are localised in different cell compartments and function at different levels in the apoptotic pathways. Thus, while bcl-2 initiates mitochondria-related antiapoptotic events (5), it has been proposed that mitochondriaderived cytosolic survivin is involved in the inhibition of apoptosis in response to cell-death stimuli (38) while nuclear protein controls cell division and proliferation, a process that, as mentioned before, requires the inhibition of apoptosis (13) .
In addition, since both bcl-2 and survivin are implicated in the activation of anti-apoptotic pathways and tumourigenesis, both molecules have been evaluated for suitability in anti-cancer therapy. Indeed, overexpression of bcl-2 protein has been incriminated in the resistance of NHL cells to chemotherapy (7, 8 , reviewed in ref. 41 ) and bcl-2-specific anti-sense oligonucleotides have shown anti-cancer activities in pre-clinical models (42) . With respect to survivin, a number of studies have provided evidence to show that targeting survivin induces apoptosis and re-sensitises cancer cells to chemotherapy (18) . Down-regulation of survivin by antisense oligonucleotides co-operates with anti-cancer regimens to facilitate tumour eradication (43) and it may be an attractive therapeutic strategy for patients with aggressive NHL (44) .
Exploitation of the survivin and bcl-2 pathways in highgrade lymphoma may provide important information for the determination of prognosis and diagnosis and also offer new therapeutic alternatives, especially for patients who are resistant to current chemotherapy.
